Glial cell line-derived neurotrophic factor (GDNF) is an essential growth factor for the survival and maintenance of the midbrain dopaminergic (DA-ergic) neurons. Activation of the GDNF pathway in the ventral tegmental area (VTA), where the GDNF receptors are expressed, produces a long-lasting suppression of excessive alcohol consumption in rats. Previous studies conducted in the DA-ergic-like cells, SHSY5Y, revealed that GDNF positively regulates its own expression, leading to a longlasting activation of the GDNF signaling pathway. Here we determined whether GDNF activates a positive autoregulatory feedback loop in vivo within the VTA, and if so, whether this mechanism underlies the long-lasting suppressive effects of the growth factor on excessive alcohol consumption. We found that a single infusion of recombinant GDNF (rGDNF; 10 lg) into the VTA induces a long-lasting local increase in GDNF mRNA and protein levels, which depends upon de novo transcription and translation of the polypeptide. Importantly, we report that the GDNF-mediated positive autoregulatory feedback loop accounts for the long-lasting inhibitory actions of GDNF in the VTA on excessive alcohol consumption. Specifically, the long-lasting suppressive effects of a single rGDNF infusion into the VTA on excessive alcohol consumption were prevented when protein synthesis was inhibited, as well as when the upregulation of GDNF expression was prevented using short hairpin RNA to focally knock down GDNF mRNA in the VTA. Our results could have implications for the development of long-lasting treatments for disorders in which GDNF has a beneficial role, including drug addiction, chronic stress and Parkinson's disease.
Introduction
Glial cell line-derived neurotrophic factor (GDNF) is a secreted growth factor that was initially identified in a glialderived cell line 1 GDNF is expressed throughout the central nervous system during development, and high levels of GDNF mRNA are present in the adult neurons in brain regions such as the striatum, thalamus, cortex and hippocampus. 2 In the mesolimbic/nigrostriatal systems, GDNF is produced in striatal neurons 3, 4 and is retrogradely transported by dopaminergic (DA-ergic) neurons to the substantia nigra 5, 6 and the ventral tegmental area (VTA), 7 where the GDNF receptors, GFRa1 and Ret, are highly expressed. [8] [9] [10] Ligation of GDNF to GFRa1 leads to the recruitment and activation of the receptor tyrosine kinase Ret, and to the consequent activation of several signaling cascades, including the mitogenactivated protein kinase pathway. 2, 11 GDNF is an important factor for the survival, regeneration and maintenance of DA-ergic midbrain neurons, 1, 2 and an increase in the GDNF levels has been suggested to be beneficial for Parkinson's disease 2, 12 and chronic stress. 13 Moreover, activation of the GDNF pathway in the VTA has recently been suggested to negatively regulate the intake of drugs of abuse, including alcohol. 14, 15 Specifically for alcohol, activation of the GDNF signaling pathway in the VTA results in a fast (minutes), but also a very sustained (at least 48 h), reduction in excessive, 'binge-like,' alcohol consumption in rats. 16, 17 The rapid actions of GDNF are mediated by the rapid stimulation of VTA DA-ergic neurons and the reversal of alcohol-induced DA deficiency in the nucleus accumbens (NAc). 7, 18 However, the long-lasting suppressive actions of GDNF on alcohol consumption are not likely to be mediated by the recombinant growth factor, which degrades within several hours. Therefore, the mechanism mediating these protracted effects is unknown.
Treatment of the DA-ergic-like SHSY5Y cell line with GDNF induces a long-lasting increase in the growth factor's own expression, which subsequently causes a sustained activation of its signaling pathway. 19 Specifically, a short exposure of SHSY5Y cells with recombinant GDNF (rGDNF) leads to a prolonged increase in the levels of the growth factor, and to the consequent long-lasting activation of Ret and the Ret-mediated activation of the mitogen-activated protein kinase extracellular-regulated protein kinase 1/2 (ERK1/2).
Here we show that the maintenance of the suppressive effects of a single infusion of rGDNF into the VTA on excessive alcohol consumption are mediated by the capacity of GDNF to positively and sustainably autoregulate its own mRNA and protein levels in an autocrine manner.
Materials and methods
A detailed description of the methods and procedures that appear below, as well as information about reagents, preparation of GDNF short hairpin RNA recombinant adenovirus, quantitative/semi-quantitative reverse transcription PCR, western blot analysis, drug administration, immunohistochemistry and histology can be found in the Supplementary Information.
Animals. Male Long-Evans rats (Harlan, Indianapolis, IN, USA); 400-450 g at the time of the surgery) were housed under a 12-h light/dark cycle (lights on at 0700 h) with food and water available ad libitum. All animal procedures in this report were approved by the Gallo Center Institutional Animal Care and Use Committee and were conducted in agreement with the Guide for the Care and Use of Laboratory Animals, National Research Council, 1996.
Intracranial infusion of rGDNF and adenovirus (AdV)-shGDNF Intra-VTA rGDNF infusion. Surgery, cannula implantation and infusion of rGDNF (10 mg per side in 1 ml) into the VTA were conducted as previously described. 17 See Supplementary Information for detailed information.
Intra-VTA AdV-shGDNF infusion. Infusion of viruses (AdV-shGDNF or Adv-Scrambled (SCR), 1.3 Â 10 8 TU ml À1 ) into the VTA was conducted similarly to our previous report. 7 See Supplementary Information for detailed information.
Intermittent-access to 20% alcohol in the two-bottle choice drinking procedure. The intermittent access to alcohol procedure was performed as previously described. 16, 17 Specifically, animals were given 24 h of concurrent access to one bottle of 20% volume/volume alcohol in tap water and one bottle of water, starting at 1100 h on Monday, Wednesday and Friday, with 24 or 48 h of alcohol-deprivation periods in between the alcohol-drinking sessions. The water and alcohol bottles were weighed after 30 min, 4 and 24 h of access. Surgery, virus infusion and microinjection procedures started after 21 alcohol access sessions, when rats maintained a stable baseline of alcohol consumption of 5.5-6 g kg À1 per 24 h. See Supplementary Information for full details.
Statistical analysis. Data generated from reverse transcription-PCR experiments were analyzed using paired t-test or one-or two-way analysis of variance with/without repeated measures, as specified. Alcohol drinking experiments were conducted in a within-subjects design or mixed-model design. Alcohol preference was calculated as the percentage of alcohol solution consumed relative to total fluid intake (alcohol þ water). Student Newman-Keuls posthoc analysis was used where indicated. See Supplementary Information for full details.
Results
GDNF induces its own sustained expression and produces a long-term activation of the ERK1/2 pathway in the VTA. As the GDNF receptors GFRa1 and Ret are highly expressed in the VTA, [8] [9] [10] 20, 21 we tested whether GDNF activates a positive autoregulatory loop in vivo in this brain region. To do so, rGDNF (10 mg) was infused into one side of the VTA and vehicle into the other side. The VTA was dissected 12, 24 or 48 h later and the expression levels of GDNF were measured. As shown in Figure 1a -c, GDNF mRNA levels were significantly higher in the GDNF-infused side at all three time points, suggesting that the activation of the GDNF-mediated signaling pathway in the VTA leads to a sustained increase in GDNF mRNA that lasts for at least 48 h.
Next, we tested whether a single application of rGDNF in the VTA results in a long-lasting activation of the GDNFmediated signaling pathway. Rats were infused with the recombinant growth factor (10 mg) into one side of the VTA and vehicle into the other side. Twenty-four hours later, the immunoreactivity of phosphorylated and thus activated ERK1/2 (pERK1/2) was measured. As shown in Figure 1d , remarkably higher levels of pERK1/2 were detected in the rGDNF-infused side, predominantly in DA-ergic (tyrosine hydroxylase-positive) neurons, as compared with the vehicle-infused side. These results suggest that a single infusion of rGDNF into the VTA leads to an increase in the level of GDNF and to a long-lasting activation of the GDNF-mediated ERK1/2 activation in the VTA.
GDNF-mediated upregulation of GDNF levels in the VTA requires de novo protein synthesis. The results above suggest that the long-lasting increase in GDNF levels in the VTA is due to the maintenance of a positive autoregulatory feedback loop in which GDNF upregulates its own expression. If this is the case, then the maintenance of this loop should depend on de novo protein synthesis. To test this possibility, the protein synthesis inhibitor cycloheximide Figure 1 A single infusion of recombinant glial cell line-derived neurotrophic factor (rGDNF) into the ventral tegmental area (VTA) produces a sustained induction of GDNF expression and phosphorylation of extracellular-regulated protein kinase 1/2 (ERK1/2). rGDNF (10 mg, unilateral) or vehicle was infused into the VTA of rats 12 h (a), 24 h (b) or 48 h (c) before the VTA dissection. GDNF and GAPDH mRNA levels were determined using semi-quantitative reverse transcription PCR. GAPDH levels were measured to standardize sample loading. Data are expressed as mean ± s.e.m. of GDNF/GAPDH expression (t's43.50, *Po0.05; n ¼ 3-5). (CHX; 2 mg kg À1 , i.p.) 22, 23 or vehicle was administered to rats 50 min before and 3 h after a unilateral intra-VTA rGDNF infusion, and the VTA was dissected 24 or 48 h after rGDNF infusion. CHX was administered twice at this interval to assure efficient inhibition of protein synthesis of at least 6-8 h. 24 As depicted in Figure 2a , in control rats, we observed a robust increase in GDNF mRNA after 48 h in the side of the VTA that was infused with rGDNF, as
Positive autoregulatory loop of GDNF in the VTA S Barak et al compared with the vehicle-infused VTA side. However, CHX pretreatment abolished these effects (Figure 2a ). To confirm that a single infusion of rGDNF leads to a de novo synthesis of the endogenous protein, we measured GDNF levels in the VTA in the absence and presence of CHX. As shown in Figure 2b , infusion of the growth factor into the VTA produced a significant increase in the level of the protein, which was detected even 24 h later, and was abolished in response to CHX treatment. Together, these results suggest that inhibition of de novo protein synthesis disrupts the positive feedback loop of GDNF expression and signaling.
Next, we examined the consequences of downregulation of the GDNF transcript on the long-lasting increase in GDNF levels induced by a single administration of the recombinant polypeptide. To prevent the induction of GDNF mRNA, we used adenoviral-mediated gene delivery of short hairpin RNA, targeting GDNF mRNA (AdV-shGDNF), 7 to specifically downregulate the level of the growth factor in the VTA of rats. This virus also expresses GFP, which was used to detect the infection locus. As shown in Supplementary Figure 1 , AdVshGDNF infected DA-ergic (tyrosine hydroxylase-positive) neurons in the VTA and induced B40% decrease in GDNF mRNA expression in this brain region (day 14). Next, we unilaterally infused rGDNF (10 mg) and vehicle into the VTA of rats that were infected with AdV-shGDNF or AdV-shSCR control in the VTA, 14 days earlier. We then examined the levels of GDNF 24 h after the infusion of the recombinant Figure 2 Recombinant glial cell line-derived neurotrophic factor (rGDNF)-mediated upregulation of GDNF mRNA and protein requires de novo protein translation. rGDNF (10 mg, unilateral) or vehicle was infused into the ventral tegmental area (VTA) of rats 48 h (a) or 24 h (b) before VTA dissection. Cycloheximide (CHX; 2 mg kg À1 , i.p.) was administered 50 min before and 3 h after rGDNF infusion. CHX was administered twice at these intervals to provide efficient inhibition of protein synthesis for at least 6-8 h. 24 (a) GDNF and GAPDH mRNA levels were determined using semi-quantitative reverse transcription PCR. Data are expressed as mean ± s.e.m. of GDNF/GAPDH levels (main effects of CHX pretreatment (F (1,6) ¼ 67.03; Po0.0002) and rGDNF infusion (F (1,6) ¼ 156.88; Po0.0001), and a significant interaction (F (1,6) ¼ 101.09; Po0.0001). Post-hoc comparison: a significant difference between the rGDNF-and the vehicle-infused sides in rats that were pretreated with vehicle, but not in CHX-pretreated rats; **Po0.001; n ¼ 4). (b) GDNF and GAPDH protein levels were determined using western blot analysis. Data are expressed as mean±s.e.m. of GDNF/GAPDH levels (main effects of CHX pretreatment (F (1,6) ¼ 171.01; Po0.0001) and rGDNF infusion (F (1,6) ¼ 281.47; Po0.0001), and a significant interaction (F (1,6) ¼ 279.17; Po0.0001). Post-hoc comparison: a significant difference between the rGDNF-and the vehicle-infused sides in rats that were pretreated with vehicle, but not in CHX-pretreated rats; **Po0.001; n ¼ 4). (c) Adenovirus shGDNF (AdV-shGDNF) or AdV-shSCR (1.2 ml per side, 1.3 Â 10 8 TU ml
À1
) was infused into the VTA of rats. rGDNF was infused into the VTA 14 days after virus infection. The VTA was dissected 24 h later and GDNF mRNA levels were quantified by real-time reverse transcription PCR. Data are expressed as mean±s.e.m. of GDNF/GAPDH expression (main effects of viral infection (F (1,12) ¼ 61.19, Po0.0001) and rGDNF infusion (F (1,12) ¼ 16.57, Po0.002), and a significant interaction (F (1,12) ¼ 18.37, Po0.002); post-hoc comparisons: a significant difference between rGDNF-and vehicle-infused VTA in the AdV-shSCR-infected rats (**Po0.001), but not in the AdV-shGDNF-infected rats; n ¼ 3-4).
Positive autoregulatory loop of GDNF in the VTA S Barak et al growth factor, and found that AdV-shGDNF-mediated downregulation of the endogenous gene is sufficient to disrupt the positive autoregulatory loop initiated by exogenous rGDNF (Figure 2c ).
Inhibition of protein synthesis prevents the long-lasting, but not the acute, effects of GDNF on alcohol consumption. Next, we tested whether the activation of the positive autoregulatory feedback loop of GDNF signaling in the VTA underlies the ability of the growth factor to induce a longlasting decrease in alcohol intake. To do so, rats were trained in an intermittent access to 20% alcohol, two-bottle choice procedure for 7 weeks to obtain a baseline level of alcohol intake of 5.5-6 g kg À1 per 24 h. This procedure generates a blood alcohol concentration of 80.9 ± 7.2 mg%, 16 which corresponds to the blood alcohol concentration values that are defined by the National Institute on Alcohol Abuse and Alcoholism as binge drinking in humans. 25 We then inhibited protein synthesis by administering CHX (2 mg kg À1 , i.p.) or vehicle 1 h before and 3 h after the beginning of the drinking session, and rGDNF or vehicle was bilaterally infused into the VTA 10 min before the beginning of the drinking session (Figure 3a) . The immediate effects of GDNF on alcohol drinking were assessed by measuring alcohol consumption during the first 30 min of the drinking session, whereas the long-lasting effects were determined by measuring consumption during the period of 4-24 h after the beginning of the drinking session.
As previously reported, 16 a single infusion of rGDNF into the VTA produced both a rapid (30 min) and a long-lasting (4-24 h) reduction in alcohol intake (Figure 3b and Supplementary Figure 2A ). CHX on its own did not alter the intake of alcohol (Figure 3b and c) or total fluid (Supplementary Figure 2C) , and had no effect on the GDNF-mediated suppression of alcohol consumption during the first 30 min (Figure 3b ). In contrast, CHX pretreatment blocked the longlasting (4-24 h) actions of GDNF on alcohol intake (Figure 3c) , as well as alcohol preference (Supplementary Figure 2B) . Together, these results suggest that the long-lasting, but not the immediate, effects of GDNF on alcohol consumption depend on de novo protein synthesis.
Knockdown of GDNF expression in the VTA prevents the long-lasting, but not the rapid, effects GDNF on alcohol consumption. If the positive feedback loop of GDNF in the VTA is the mechanism that underlies the long-lasting suppressive effects of GDNF on alcohol intake, then downregulation of GDNF in this region would prevent the long-lasting, but not the immediate, effects of GDNF on alcohol drinking. Rats were therefore trained in the intermittent access to 20% alcohol, two-bottle choice procedure for 7 weeks as described above. The VTA of the rats was then infected with AdV-shGDNF or AdV-shSCR. After a 3-day recovery period, rats were given three additional drinking sessions to re-establish baseline alcohol consumption. In the subsequent sessions, rGDNF or vehicle was infused into the VTA 10 min before the beginning of the drinking session, and the immediate and extended effects of GDNF on alcohol drinking were assessed. As shown in Figure 4 , intra-VTA infusion of rGDNF rapidly suppressed alcohol consumption in the AdV-shSCR-infected rats (Figure 4a) , and the inhibition of alcohol intake was also Figure 3 Inhibition of protein synthesis prevents the long-lasting, but not the acute, effects of recombinant glial cell line-derived neurotrophic factor (rGDNF) on alcohol consumption. Rats consumed a solution of 20% alcohol for 7 weeks. Cycloheximide (CHX; 2 mg kg À1 , i.p.) was administered 1 h before and 3 h after the beginning of the alcohol-drinking session. rGDNF (10 mg per side) was infused into the ventral tegmental area (VTA) 10 min before the beginning of the drinking session. (a) Timeline of treatments and consumption measurements schedule. (a and b) Data are expressed as mean ± s.e.m. of alcohol intake in g kg À1 (*Po0.01 vs vehicle-vehicle; n ¼ 12). (b) Alcohol intake during the first 30 min of the drinking session (two-way repeated measurements analysis of variance (ANOVA): a main effect of rGDNF infusion (F (1,13) ¼ 34.79, Po0.0001), no effect of CHX pretreatment (F (1,13) ¼ 1.28, P ¼ 0.28), and no interaction (F (1,13) ¼ 0.07, P ¼ 0.79)). (c) Alcohol intake during the 4-24-h time period after the beginning of the drinking session (two-way repeated measurements ANOVA: no effect of rGDNF infusion (F (1,13) ¼ 2.19, P ¼ 0.16), a significant main effect of CHX pretreatment (F (1,13) ¼ 10.46, Po0.007), and a significant interaction (F (1,13) ¼ 13.16, Po0.005). Post-hoc comparisons: a significant difference between rGDNF-and vehicle-infused rats in the vehicle control rats (Po0.01), but not in rats that were pretreated with CHX (P ¼ 0.086)). Figure 3A) . On its own, knockdown of GDNF in the VTA had no effect on alcohol intake (Figure 4a ), preference (Supplementary Figure 3B) or on total fluid intake (Supplementary Figure 3C) . However, the downregulation of GDNF expression level in the VTA prevented the longlasting inhibitory action of GDNF on alcohol consumption, but spared the immediate, rapid effects of the growth factor on alcohol intake (Figure 4b ). These results suggest that the long-lasting effects of GDNF on alcohol consumption depend upon the initiation of GDNF-mediated transcription within the VTA, and the consequent translation of the growth factor.
Discussion
We report here that the administration of a single dose of rGDNF into the VTA results in a robust local induction of the growth factor's own expression and protein synthesis, resulting in a long-lasting activation of ERK1/2. We further show that the long-lasting elevation in GDNF levels depends upon de novo translation of this growth factor. These results suggest that a single administration of rGDNF into the VTA activates a positive autoregulatory feedback loop in which the activation of the GDNF-mediated signaling pathway in the VTA controls the expression of the growth factor (model, Figure 5 ). Importantly, we show that a single treatment with rGDNF produces a very long-lasting suppression of alcohol drinking, which is maintained/sustained by the ability of GDNF to positively autoregulate its own endogenous levels in the VTA.
Positive autoregulation of GDNF mediates the longlasting suppression of alcohol consumption. We previously found that activation of the GDNF pathway within the VTA rapidly suppresses excessive alcohol consumption. 16, 17 The rapid suppressive effects of GDNF on alcohol consumption are mediated directly by the exogenous rGDNF protein infused into the VTA, as they were independent of the inhibition of GDNF translation. These results, together with previous studies, 7, 18 imply that the immediate effects of intra-VTA rGDNF infusion on alcohol drinking are mediated by the exogenous rGDNF via a nongenomic mechanism.
We also found that the suppressive actions of rGDNF on alcohol are very long-lasting and are maintained for at least 48 h, 16, 17 and here we provide data to suggest that the GDNFmediated positive autoregulatory loop underlies the prolonged suppressive effects of GDNF on alcohol consumption. Specifically, we report that the long-lasting effects of a single intra-VTA infusion of rGDNF on alcohol consumption are prevented by the inhibition of protein synthesis, as well as by a focal knockdown of the GDNF transcript in the VTA. Thus, these prolonged effects depend upon the transcription and translation of the endogenous polypeptide. It is possible, therefore, that as long as the high levels of GDNF in the VTA are maintained, alcohol seeking and consumption are suppressed.
Knockdown of GDNF in the VTA prevented the long-lasting suppression of alcohol intake by rGDNF; however, the consumption of alcohol was unaffected by the downregulation of the growth factor in control animals that did not receive rGDNF. This result is puzzling, as activation of the GDNF signaling in this brain region leads to suppression of alcohol intake, 16, 17, 26 and therefore, downregulation of the GDNF message is expected to enhance alcohol consumption. It should be borne in mind, however, that the basal levels of GDNF in the VTA are very low, 10, 27 and therefore, further downregulation of GDNF might not have significant behavioral outcomes. Alternatively, it is plausible that the negative result is due to a ceiling effect of alcohol intake, which could not be further increased upon knockdown of the growth factor.
GDNF positively autoregulates its own levels in vivo. We found that intra-VTA infusion of rGDNF results in a long-lasting upregulation of mRNA and protein levels of the growth factor. Importantly, GDNF was not detected in CHX-pretreated animals 24 h following the infusion of the recombinant polypeptide into the VTA. CHX inhibits the synthesis of de novo GDNF, but the drug cannot alter the level of the exogenous recombinant polypeptide. F (1,12) ¼ 6.67, Po0.025), no effect of viral infection (F (1,12) ¼ 2.53, P ¼ 0.13), and a marginally significant interaction (F (1,12) ¼ 3.88, P ¼ 0.072). Post-hoc comparisons: a difference between rGDNF-and vehicle-infused rats in the adenovirus (AdV)-shSCR infected control rats (Po0.01), but not in rats that were infected with AdV-shGDNF (P ¼ 0.67)).
Thus, the exogenous rGDNF was degraded after a 24-h period, and therefore, the protein that was detected at this stage was the endogenously synthesized GDNF. Moreover, the long-lasting upregulation of GDNF expression that is induced by a single infusion of the recombinant polypeptide into the VTA is associated with a prolonged local activation of Figure 5 A schematic illustration of the glial cell line-derived neurotrophic factor (GDNF) autoregulatory loop within the ventral tegmental area (VTA). (a) Recombinant GDNF (rGDNF) binds to the GFRa1-Ret receptor complex in the VTA (1), which leads to the activation of Ret. Activation of the GDNF-mediated signaling pathway leads to the upregulation of the transcription of the GDNF gene (2) . GDNF mRNA is translated to GDNF protein, and secreted (3). Secreted GDNF binds to its receptor complex (4), and activates its signaling pathway to maintain this positive feedback cycle. (b and c) Inhibition of protein synthesis by cycloheximide (CHX) (b) or adenovirus (AdV)-shGDNFmediated downregulation of GDNF in the VTA (c) disrupts the autoregulatory feedback cycle by reducing the level of endogenously-produced GDNF, thus preventing the subsequent activation of the loop.
Positive autoregulatory loop of GDNF in the VTA S Barak et al ERK1/2, suggesting that this pathway is part of the positive autoregulation cycle. Furthermore, as the increase in GDNF levels and the activation of Ret-mediated signaling pathway are detected within the same brain region, the autoregulatory loop is likely to be autocrine and not paracrine.
Positive autoregulation of expression and secretion of other neurotrophic factors has been demonstrated previously, albeit only in in vitro cell culture systems. For example, brain-derived neurotrophic factor positively regulates its own expression, 28, 29 secretion 30 and dendritic targeting of its own mRNA 31 in cortical and hippocampal cell cultures. Similarly, nerve growth factor and neurotrophin-4 were shown to increase their own expression in cortical cell cultures. 29 We provide here a unique demonstration that such a positive autoregulatory cycle occurs in vivo. Therefore, these findings may have significant implications for the function of other growth factors. Moreover, the downstream effector genes induced by the activation of the GDNF pathway are not well characterized, and our findings illuminate an in vivo pathway in which GDNF is its own effector gene.
At some point, however, the GDNF-mediated positive feedback cycle is likely to be terminated. One possibility is that long-term activation of GDNF signaling leads to a reduced functionality of its receptors by their internalization, degradation and/or ubiquitination. For example, Rap1GAP (a GTPase-activating protein for Rap1) binds to the Ret receptor, after the latter is activated by GDNF, and downregulates GDNF signaling. 32 Similarly, dissociation of the CD2-associated protein and the E3-ligase Cbl-3 from the Ret receptor following the receptor's autophosphorylation leads to Ret degradation. 33 Insufficient levels of Ret were shown to trigger internalization of GFRa1 receptors. 34 Therefore, it is plausible that the positive and negative feedback loops of GDNF co-exist and compete with each other to regulate the levels of the growth factor. Specifically, whereas the levels of GDNF mRNA are upregulated by the positive feedback loop, the levels of the receptors are gradually reduced until they reach critical levels that attenuate GDNF signaling, to an extent that breaks the loop, and reduces the levels of the growth factor.
Physiological function of the GDNF-mediated positive autoregulatory loop. In the normal brain, within the mesolimbic and nigrostriatal systems, the GDNF receptors GFRa1 and Ret are highly expressed in the ventral midbrain, namely, the substantia nigra and the VTA, [8] [9] [10] 20, 21 whereas the GDNF polypeptide itself is synthesized primarily in the NAc/striatum. 3, 4 Conversely, the VTA and substantia nigra normally express low basal levels of GDNF, 10, 27 and the NAc/striatal-derived GDNF is retrogradely transported to the midbrain through DA-ergic projections. 3, [5] [6] [7] 35, 36 This mechanism might change when the normal conditions are disrupted. For example, damage to mesolimbic/nigrostriatal neurons leads to increased level of GDNF in the ventral midbrain. [37] [38] [39] It is therefore plausible that under certain conditions such as brain insult, this positive autoregulatory mechanism has a role in the local amplification and prolongation of NAc-derived GDNF signaling. Once initiated, such a mechanism can provide a stable and faster supply of the growth factor, compared with the retrograde transportation of GDNF from the striatum/NAc, which requires several hours. 7 Potential implications. We show here that GDNFmediated positive regulation of its own levels occurs in vivo in the VTA, a brain region where the actions of this growth factor were shown to have significant effects on the mesolimbic DA system. 7, 18 Our findings may have important implications to the understanding of the function of GDNF in the midbrain, as well as to the regulation of DA neurotransmission in the mesolimbic system. 7, 40 Furthermore, our results suggest pharmacological agents that increase GDNF levels 26, 27, 41, 42 can evoke a prolonged activation of the positive autoregulatory feedback loop, and can therefore sustainably suppress excessive alcohol intake, providing a long-lasting treatment strategy for alcohol use and abuse disorders, and possibly for other drugs of abuse. 14, 15 Specifically for alcohol, we previously showed that infusion of rGDNF into the VTA reduces alcohol moderate and excessive operant self-administration, as well as relapse to alcohol drinking. 17, 18 More recently, we found that infusion of rGDNF into the VTA normalizes chronic alcohol-induced DA deficiency. 19 Finally, we found that rGDNF prevents the acquisition as well as the expression of alcohol-conditioned place preference. 18 Thus, this GDNF-mediated prolongationamplification mechanism might lead to a sustained suppression in the motivation to seek alcohol and/or in the rewarding properties of the latter.
In addition, it is highly likely that our findings are relevant to the effects of GDNF on self-administration of other drugs of abuse. 14, 15 For example, an activation of the GDNF pathway in the striatum decreases cocaine self-administration. 43, 44 Furthermore, a single intra-VTA rGDNF infusion after selfadministration was reported to increase cue-induced cocaine seeking on withdrawal days 3 and 10 ('incubation of cocaine craving'). 45 Although it was previously suggested GDNF may cause differential effects depending on the timing of administration (i.e., before or after drug self-administration), 15 it is also plausible that this long-term effect is also mediated by the capacity of a single rGDNF administration to maintain high levels of the growth factor in the VTA via the positive autoregulatory loop.
Importantly, increases in the growth factor have been proposed as a promising treatment strategy for Parkinson's disease, 12, [46] [47] [48] and reduced levels of GDNF have recently been implicated also in chronic stress. 13 Therefore, our findings that exogenous activation of the GDNF pathway leads to a sustained upregulation of the growth factor in vivo may have beneficial implications for the development of treatments for Parkinson's disease and chronic stress.
